The chemistry of carbon deposition in molten salts has been studied by a number of researchers with quite different interpretations of the reactions involved. This paper therefore reviews and discusses available literature on the cathodic and anodic reaction mechanisms of carbon electrodeposition in molten carbonate salts, particularly considering new voltammetric studies. The effects of process variables (e.g. salt composition, temperature, voltage, electrode material etc.) on the electrochemical process are also addressed. Description of the properties of the deposited carbon and how these properties transfer to potential applications in energy storage and electricity production (carbon re-oxidation) are discussed.
Introduction
Two signicant challenges facing humanity at present are the provision of sustainable and affordable energy, and the avoidance of catastrophic global climate change. Both of these challenges stem from our over-reliance on fossil fuels as the principal energy source. The use of fossil fuels is not sustainable due to their nite reserves, and the combustion of such fuels also leads to the production of greenhouse gasses (e.g. CO 2 , N 2 O etc.). In order to reduce CO 2 emissions from anthropogenic sources, different carbon abatement technologies (e.g. fuel switching) are currently being considered, developed or employed. The use of biomass to partly meet the world energy demand is one example of fuel switching. Renewable energy technologies (e.g. wind, solar, tidal, biomass and hydropower) have received universal acceptance as clean energy sources but the development is slow, largely due to the signicant cost, unsecured availability, intermittency and geopolitical issues. The reliance on fossil fuel as a main energy source is therefore expected to continue for several decades to come. One technique that has been proposed to compromise between the pros and cons of fossil fuels is carbon capture and storage (CCS), in which CO 2 is captured, compressed and stored away from the atmosphere for protracted periods of time in geological formations. Alternative to storage, it would be highly desirable to convert the captured CO 2 to useful products such as hydrocarbons, methanol and other chemicals. [1] [2] [3] Electrochemical reduction of CO 2 in aqueous solutions is a proven technology Happiness V. Ijije received her BEng and MSc degrees from the University of Nottingham in 2010 and 2011 (Malaysia and United Kingdom campuses respectively). She is currently studying for her PhD under the supervision of George Z. Chen. Her research focuses on the electrochemical conversion of CO 2 to carbon in molten salts and includes both physical and electrochemical characterizations of the produced carbon. She has rst-authored 10 research publications in journals and conferences, and won the Postgraduate Endowed Award from the University of Nottingham in March 2014.
Richard C. Lawrence completed his MEng and PhD in Chemical
Engineering at the University of Nottingham in July 2010 and October 2013, respectively. His PhD research was supervised by Prof. George Z. Chen on the subject of electro-deposition of carbon from molten carbonate salts under carbon dioxide atmospheres, focusing on elucidating the mechanisms of electro-deposition and electro-reoxidation. Dr Lawrence currently works as a Technical Support Advisor for an effluent treatment plant in the UK civil nuclear industry. and requires the use of appropriate electrolyte, electrode material, catalyst and operating conditions. [4] [5] [6] An alternative method of converting CO 2 to a useful product is to reduce it to solid carbon via electrolysis in molten alkali metal carbonates. In the 1960s, researchers established that carbon could be electro-deposited from molten salts containing carbonate and lithium ions (CO 3 2À and Li + ). [7] [8] [9] More recently, a number of authors have suggested that this process could be utilised for the indirect conversion of CO 2 to carbon 10-15 through electroreduction of CO 3 2À ions in the molten salt electrolyte to solid carbon and oxide ions (reaction (1)). 7, 10, 16, 17 The oxide ions produced from the reaction can react with CO 2 present in the atmosphere above the molten salt to regenerate the CO 3 2À ions (reaction (2)). 10
This paper discusses carbon electro-deposition in molten salts. Particular attention is paid to cyclic voltammetry (CV which may also stand for cyclic voltammogram in the following text, depending on the context) carried out on various electrode materials and the different reaction mechanisms involved. The effects of process variables such as the molten salt composition, 7 temperature and electrolysis voltage, 14, 15, 17 and gas atmospheres 7,15 on the electrolytic process are all considered. A practical application of the process is to convert the deposited carbon back to produce electricity via re-oxidation. Electrical energy used to deposit the carbon is stored as chemical energy in the carbon deposit itself; this energy can be converted back to electricity when the deposit is electrochemically re-oxidised. The uses of carbon in energy storage applications such as supercapacitors are well established and play vital roles in the energy industry. [18] [19] [20] Utilization of the deposited carbon to fabricate supercapacitors for energy storage application is also discussed. 13 2. Mechanisms of the reduction of CO 2 to carbon 2.1. Direct reduction of CO 2 to carbon In the direct electrochemical mechanism, CO 2 dissolved in a molten salt electrolyte is reduced on the negative electrode (cathode) to elemental carbon. 21 Direct electrolysis of CO 2 into elemental carbon and oxygen (reaction (3)) was achieved at a pressure of 0.203 MPa. 9 Recently a three step electrochemicalchemical-electrochemical CO 2 reduction mechanism (reaction (4)-(6)) was proposed. [22] [23] [24] [25] In this mechanism, CO 2 besides being reduced further acts as an acceptor of oxide ions (O 2À ) and as such CO 3 2À ions are generated. The overall reaction (7) is therefore the reduction of CO 2 to carbon and CO 3 2À ions. Evidence for this mechanism was obtained from CVs recorded in the molten mixture of NaCl-KCl (molar ratio of 1 : 1) at 750 C under a CO 2 pressure of 1.0 MPa. Fig. 1 shows the CV. Reversing the scan at the rst cathodic peak A resulted in no anodic peak, but when the scan was reversed at peak B at a potential of around À0.9 V vs. Pt, anodic peak C was observed. Carrying out electrolysis in the constant potential mode at the second cathodic peak potential resulted in carbon deposition at the electrode surface. Cathodic peak A was therefore attributed to the quasi reversible reduction of CO 2 to a CO 2 2À radical (rst stage of the proposed mechanism, reaction (4)) and peak B as the third electro-reduction stage where CO is reduced to carbon and oxide ions (reaction (6)). Direct reduction of CO 2 in NaCl-KCl was conrmed by the formation of carbon deposit on the electrode surface at potentials more negative than that peak B. One possible limitation of the study was the failure of the study to mention the possible presence of oxides in the chloride molten salt due to its hygroscopic nature. These oxides could absorb CO 2 leading to the formation of CO 3 2À ions which could be electro-reduced to indirectly produce carbon. First step: quasi reversible reduction of CO 2 to a CO 2 2À radical.
Second step: chemical formation of CO.
Third step: irreversible electro-reduction of CO to carbon.
Overall reaction:
Indirect reduction of CO 2 in molten carbonates
Indirect reduction of CO 2 to carbon in molten alkali or alkaline earth metal carbonates is possible as a result of the equilibrium reaction given in reaction (8) (where M represents any of the corresponding metal). Reduction of CO 3 2À ions to carbon can occur via three different reaction routes. In the rst, a direct electrochemical reduction of the CO 3 2À ion proceeds via reaction (1), 7, 10, 16, 17, 26 occurring either in the presence or absence of CO 2 and involving the transfer of four electrons. 7, 16 Secondly, the CO 3 2À ion can also be reduced via a two-step process involving the hypothetical CO 2 2À ion (reaction (9) and (10)). 27 This CO 2 2À ion is thought to have been formed by the combination of a CO molecule and a O 2À ion. 28 Thirdly, CO 3 2À ions can also be reduced indirectly via the prior reduction of alkali metal ions to the metal (reactions (11) and (12)). 29 Linear sweep voltammetry performed on a platinum electrode in molten LiF-NaF-KF-K 2 CO 3 (molar ratio: 45.1 : 11.2 : 40.8 : 2.9) at 500 C showed the absence of a CO 3 2À ion reduction peak before the cathodic limit, suggesting CO 3 2À ions were not directly reduced. 29 It was therefore postulated that CO 3 2À ions are not electrochemically reduced but are rather reduced in a chemical reaction following the formation of the alkali metal.
Of all three reaction routes, most authors seem to agree that the reduction of CO 3 2À ions occurs via reaction (1) and the corresponding products are carbon and oxide ions. 7, 10, 17, 30, 31 The O 2À ions generated during the reduction process can react with CO 2 present in the atmosphere above the molten salt to regenerate more CO 3 2À ions according to reaction (2). 10,16 CO 2 can therefore be indirectly converted to solid carbon via molten carbonate electrolysis. During electrolysis, the reduction of CO 3 2À ions to CO via reaction (13) is also possible, 32 however the principal anodic reaction is the oxidation of CO 3 2À ions to CO 2 and O 2 via reaction (14) . 8, 17, 23, 26 Besides the production of O 2 at the anode via reaction (14), O 2À ions produced at the cathode can migrate towards the anode where they can be oxidised to O 2 according to reaction (15) . Results obtained via inline gas chromatography of the gases given off at the anode during electrolysis in Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 (molar ratio of 43.5 : 31.5 : 25.0) at 500 C under Ar atmosphere showed that both O 2 and CO 2 were present during the electrolysis but the ratio of CO 2 /O 2 increases with increasing the current density, implying that reaction (14) dominated at higher current densities and at more positive potentials. 32 Vigorous bubbling at a Pt anode was also reported during electrolysis in LiF-NaF-Na 2 CO 3 at 700 C. 11
Electrolysis variables

Molten salt and gas compositions
The molten salt composition has been reported to affect both cathodic and anodic processes. Electrodeposition of carbon from CO 3 2À ions under atmospheric CO 2 reportedly only occurred when Li + ions were present. 7 No carbon was deposited during electrolysis in the mixtures of Na 2 CO 3 and K 2 CO 3 . 7,33 Electrochemical deposition and re-oxidation of solid carbon was reported in molten CaCl 2 -CaCO 3 -LiCl-KCl (molar ratio of 0.30 : 0.17 : 0.43 : 0.10) and Li 2 CO 3 -K 2 CO 3 (62 : 38) at temperatures between 500 and 850 C under Ar or CO 2 atmospheres. 34 The present authors conrmed the absence of carbon deposition at an electrolysis voltage of 4 V in some lithium-free, carbonate-only electrolytes: Na 2 CO 3 , K 2 CO 3 and Na 2 CO 3 -K 2 CO 3 . These ndings support the conclusion that the presence of lithium ions is necessary in order for carbon electrodeposition to occur in carbonate-only electrolytes. Thermodynamic calculations can provide answers as to why Li 2 CO 3 reduction to carbon is more favourable than Na 2 CO 3 or K 2 CO 3 under certain conditions. The relevant thermodynamic data for Li 2 CO 3 , Na 2 CO 3 and K 2 CO 3 at different temperatures are given in Table  1 . It can be seen that the potential required to deposit carbon, E C , is more positive than that for Li + ion reduction to Li metal, E M , in molten Li 2 CO 3 , suggesting a preference for carbon deposition. However, in molten Na 2 CO 3 or K 2 CO 3 , E C is comparable or more negative than E M , which means that reduction of the Na + or K + ion is either competitive or preferred to carbon deposition. Note that at temperatures below 700 C, E C in molten Na 2 CO 3 is slightly more positive than E M , although no carbon deposit could be obtained. This may be attributed to kinetics, e.g. the overpotential for carbon deposition is too high. Similar kinetics may apply in molten K 2 CO 3 .
Carbon deposition reportedly occurred under N 2 , CO 2 and Ar atmospheres. Current efficiency for carbon deposition in Li 2 CO 3 -K 2 CO 3 -Na 2 CO 3 at À2.6 V and 600 C under Ar and CO 2 atmospheres was shown to be 97 and 67% respectively. 7 The low current efficiency obtained under CO 2 was attributed to the reaction of carbon with CO 2 according to reaction (16) 
Carbon was also deposited under pure N 2 and mixtures of N 2 and CO 2 . 15 Under the mixed CO 2 -N 2 atmosphere, carbon deposition became quicker with increasing the CO 2 partial pressure. 15 Utilisation of CO 2 not only limits the molten salt decomposition, but also assists the regeneration of the CO 3 2À ions and thus carbon deposition.
Temperature and electrode potential
The formation of CO as reported becomes increasingly favourable at higher temperatures (Table 1 ) and the current efficiency for carbon deposition decreases with the increase in temperature due to reaction (16) . 32 On the other hand, it is plausible that the drop in current efficiency with temperature could also be a consequence of the production of CO according to reaction (16) . Current efficiency was reported to increase when the electrode potential became more negative. 7 Efficiencies in excess of 100% were reported at more negative potentials, 30 and are likely due to the metal, oxide and carbonate impurities being not excluded during evaluation.
Apart from the oxidation of CO 3 2À ions being dominant at higher current densities, there is very little known on the effect of temperature and electrode potential on anodic reactions. Besides the oxidation of CO 3 2À ions, anodic oxidation of the cathodic product, mostly the O 2À ion, is also plausible and varies with the temperature and the electrode potential.
Voltammetric studies on different working electrodes
Voltammetry of glassy carbon electrodes showed cathodic and anodic limits, corresponding to the reduction and oxidation of CO 3 2À ions respectively via reactions (1) and (14) . 17, 26, 30 Re-oxidation peaks on the CVs from various studies were mostly attributed to the oxidation of the deposited carbon. Carbon deposition was also reported on a gold electrode 7, 8, 16 in Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 , but another study could not nd carbon deposit even though the Au electrode and molten salt used were similar. 30 There are also different results on the deposition of carbon on a graphite electrode as carbon deposition in molten Li 2 CO 3 under Ar contradicts reports of the absence of carbon on graphite in Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 at temperatures of 500-800 C under CO 2 . 36, 37 Between the two studies, the differences in electrolyte and atmospheres are unlikely to be the cause for the contradictory observations. Possibly the manner in which cathodic polarisation was applied was responsible. Carbon deposition was reported on a Ni electrode. 12, 17, 26, 29, 34, 37, 38 Reduction peaks on CVs at À2.0 and À2.4 V vs. Ag in eutectic Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 at 450 C were attributed to the reduction of CO 3 2À ions to carbon and the deposition of alkali metal respectively. The two oxidation peaks observed were assigned to the electrochemical dissolution of the deposited alkali metals and carbon. 13 In another study on a Ni electrode under similar conditions to that stated earlier, the cathodic limit (À1.75 V vs. CO 2 -O 2 ) corresponded to the reduction of CO 3 2À ions to carbon while the anodic limit was assigned to the oxidation of Ni according to reaction (17) . The intermediate peaks on the CVs were assigned to presence of nickel oxide. 30 Carbon was also deposited on W, 11 Ag, 38 Mo, 36 Al, 10 Cu 16,30 and glassy carbon 26, 30 electrodes.
Ni 2+ + 2e À #Ni (17)
C + 2O 2À / CO 2 + 4e À (20)
CVs were also recorded on Pt electrodes and carbon deposition was reported. 12, 30, 34, 39, 40 The CVs in Fig. 2 were obtained by the current authors in molten Li 2 CO 3 -Na 2 CO 3 (mole ratio: 52 : 48). The alumina reference electrode used was described elsewhere. 41 Pt was inert in the short duration and specied scan rate of the experiment as these were conrmed by the absence of any reduction peaks before the cathodic limit (À1.7 V). Absence of any cathodic peak before the cathodic limit in Fig. 2a is consistent with that reported before in the same molten salt. 40 The cathodic loop observed on the CVs likely represents the formation of a new phase (electrodeposited carbon) on the surface of the working electrode. 42 Carbon was deposited in this study at potentials beyond the cathodic limit. On increasing the potential scan rate, two small cathodic peaks (C2 and C3) became visible as shown in Fig. 2b . Occurrence of these peaks at higher scan rates suggests the corresponding reactions to be kinetically controlled. Based on the thermodynamic potentials given in Table 1 , it is likely that carbon monoxide formation via reaction (13) occurred beyond the cathodic limit. Formation of Li 2 C 2 through reaction (18) from the electro-reduction of Li 2 CO 3 cannot be ruled out either and as the standard potential for reaction (18) at 600 C is À1.92 V which lies within the potential range. The presence of Li 2 C 2 was also mentioned 17 and detected in unwashed deposited carbon samples. 32, 43 Alkali metal production from the reduction of alkali metal ions via reaction (11) is possible as well, since the overpotential for the deposition of alkali metal onto the Pt surface would probably be lower than that for carbon deposition. The formation of Li 2 PtO 3 when Pt was immersed in carbonate-based molten salts was reported 44 and as such reaction (19) may be considered. 30 Regardless of the specic reactions responsible for cathodic peaks C2 and C3 in Fig. 2b , the fact that they only fully appeared at very high scan rates is evidence that several competing reactions took place at the cathodic limit, including electrodeposition of carbon. Peaks A1 to A3 observed on the CVs during the reverse (anodic) scan should correspond to the oxidation of products from CO 3 2À reduction. While peak A1 is likely reaction (20) or (20a), peak A2 may be attributed to the reverse of (13) or (18), and peak A3 to (21) according to their potentials. However, when the deposited carbon was placed in water, oen no bubbling occurred, indicating absence of alkali metals or carbides. Peak A4 appears at the anodic end and must be (14) . More discussion on anodic oxidation of the deposited carbon is given below. CVs were recorded on stainless steel electrodes (Grade 304) in mixed Li 2 CO 3 -Na 2 CO 3 (molar ratio: 60 : 40) and Li 2 CO 3 -K 2 CO 3 (62 : 38) at 650 C. 45 The atmosphere used was humidi-ed anode and cathode gases in molten carbonate fuel cells. Carbon was not intentionally produced during the study, although it was recognised that carbon could be formed and the anodic peak at À1.5 V was attributed to carbon oxidation via reaction (20) . 45 No carbon was obtained on a stainless steel electrode in molten Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 at 600-700 C. 46 This was probably due to the fact that low current densities were employed. Carbon deposition was reported on a stainless steel electrode in Li 2 CO 3 -K 2 CO 3 at 540-700 C. 15 The current authors conrmed the deposition of carbon on both stainless and mild steel electrodes at electrolysis voltages of 2.5-5.0 V in molten Li 2 CO3, Li 2 CO 3 -Na 2 CO 3 (mole ratio: 52 : 48) and Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 (mole ratio: 43.5 : 31.5 : 25.0). Fig. 3 shows CVs obtained on a 0.25 mm stainless steel electrode in mixed Li 2 CO 3 -Na 2 CO 3 (molar ratio of 52 : 48) at 627 C. The cathodic limit (À1.71 V) which corresponds to the deposition of carbon is similar to that observed on the Pt working electrode (Fig. 2) . Stainless steel comprises of mainly Fe, Ni and Cr and is not as inert in molten carbonate salts as Pt, which explains the various cathodic peaks (marked with M) observed before the cathodic limit (which are not shown in Fig. 2 ). Based on the ndings of this work and those in literature, 45, 47 it seems likely that these cathodic peaks may be associated with transition metals in stainless steel. As a result, no attempt to identify the specic metal related reactions was Fig. 2 Cyclic voltammograms of a 0.25 mm Pt wire electrode in the molten eutectic mixture of Li 2 CO 3 -Na 2 CO 3 (mole ratio: 52 : 48) at 600 C with a negative potential limit of À2.5 V at (a) 100 mV s À1 and (b) 1000 mV s À1 . Atmosphere: CO 2 ; working electrode (WE) immersion depth: ca. 0.9 cm; counter electrode (CE): 6 mm diameter stainless steel rod; reference electrode (RE): alumina membrane Ag/AgCl. 41 Fig. 3 Cyclic voltammograms obtained using a stainless steel wire working electrode in a molten Li 2 CO 3 -Na 2 CO 3 electrolyte (molar ratio of 52 : 48) at 627 C, at a scan rate of 100 mV s À1 , for negative potential limits of À1.81 V and À1.88 V. Atmosphere: CO 2 ; WE diameter: 0.25 mm; WE immersion depth: ca. 1.5 cm; CE: 6 mm diameter stainless steel rod; RE: alumina membrane Ag/AgCl. made here. Considering the high molten salt temperatures, it is also likely that other competing reactions occurred, such as reduction of alkali metal ion and formation of CO. While research is still ongoing to identify the oxidation peaks, it is likely that the peak A1 corresponds to the re-oxidation of the deposited carbon. By making the potential limit more negative (À1.88 V), the height of peak A1 increased suggesting more carbon was deposited and re-oxidized. Carbon deposition continued to occur at potentials beyond the cathodic limit in all the molten salts studied.
Anode material
The choice of anode (counter electrode in cyclic voltammetry) is critical as it must be able to withstand high temperatures, have adequate conductivity and stability, be inert and not undergo any form of chemical dissolution in the molten salt. Unlike the cathode (or working electrode) on which the carbon deposits, the anode surface is always exposed to the molten salts. There is limited literature on the suitability of various anode materials during the electrolysis of molten carbonate salts to produce carbon. Anode materials (Ni, Fe, Cu, Pt, Ir, SnO 2 and Ni 10 Cu 11 Fe alloy) were compared in studies carried out in a eutectic mixture of Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 at 500 C. 13 Dissolution of the Fe and Ni electrodes occurred, a layer of CuO was observed on the surface of a Cu electrode, but no obvious change in diameter of the electrode was noted. Corrosion pits formed at the surface of the Ni 10 Cu 11 Fe alloy aer 2 h of electrolysis and the SnO 2 (Stannex E) anode reportedly did not exhibit any change even aer 500 h of electrolysis. 13 The conditions (e.g. voltage, temperature, electrolysis mode, i.e. continuous or batch) at which this long time electrolysis was carried out however was not mentioned. SnO 2 (Stannex ELR) was studied by the current authors for its suitability in molten Li 2 CO 3 -K 2 CO 3 and was found to be quite stable, but very susceptible to cracking due to thermal shocks. Compared to stainless steel, the higher resistivity of SnO 2 resulted in voltage losses and as such, the quantity of carbon obtained was less. On the other hand, the interaction of SnO 2 with the molten salt was limited, which agrees with the nding that the purity of the carbon products is higher compared to those where stainless steel anode was used. The suitability of stainless steel as the anode material was also investigated by the present authors. Anode passivation dominated at higher temperatures while dissolution of the anode occurred at lower temperatures. At low temperatures, the dissolution of stainless steel also increased with electrolysis voltage.
Properties and reuse of the deposited carbon
Regardless of the exact conditions used to deposit carbon, a number of authors have ascertained that the structure of such carbon is primarily amorphous. 13, 17, 27, 40 The deposited carbon was also found to possess largely sp 2 hybridisation with some carbon at the surface possessing sp 3 hybridisation. 10 Carbon nanoparticle possessing high specic surface areas also were reported. 13, 14, 17 One report claimed a specic surface area reaching 1315 m 2 g À1 for carbon powder deposited at 450 C from molten Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 at an applied potential difference of À6.0 V and dried at 600 C under vacuum. 17 Research by the current authors has yielded carbon deposits with an average specic surface area in the range of 200-700 m 2 g À1 without any activation. The existence of graphitic domains has also been reported with fringe spacing of approximately 0.34 nm. 17, 26 Nearly uniform carbon nano-bres self-arranged into long ropes (10-50 nano-bres per rope, average rope diameter of 100-500 nm and maximum rope length of 1 mm) have also been reported. 31 Electrolytic conditions such as electrode potential, molten salt choice and temperature, all contribute to the properties of the carbon produced. Increasing molten salt temperature leads to large and elongated carbon particles with low specic surface areas, while more negative potentials increase the specic surface area. 17 However, low specic surface areas at more negative potentials were also reported. 30 Carbon nanowires, -akes and -sheets, and cage like structures were observed under different electrolysis conditions. 14 Subjecting the carbon to heat treatment under vacuum increased the degree of surface disordering 48, 49 but had a relatively weak inuence on the specic surface area. 17 Compounds such as Li 2 O 2 and Li 2 C 2 were detected depending on treatment conditions. 30 The present authors studied the effects of molten salt temperature and composition on the properties of the electrodeposited carbon. Typical resultant morphologies of carbon deposited in Li 2 CO 3 -Na 2 CO 3 at 4 V in a two electrode cell are shown in Fig. 4 . Aggregated and at ake-like particles were obtained at 550 C and 700 C respectively ( Fig. 4a and b) . Carbon particles obtained at 700 C were larger in size compared to those at low temperatures. Flake-like morphology observed in Li 2 CO 3 -Na 2 CO 3 at 700 C (Fig. 4b) is similar to those from pure Li 2 CO 3 and this could be a consequence of the similar deposition temperature. Carbon deposited from Li 2 CO 3 -K 2 CO 3 (Fig. 4c ) had more aggregated quasi-spherical particles indicating effects of molten salt composition on the properties of deposited carbon. Aggregated carbon particles deposited from Li 2 CO 3 -K 2 CO 3 at 700 C was also similar to those obtained from Li 2 CO 3 -Na 2 CO 3 at 550 C (Fig. 4a ). TEM investigations revealed at bre-like pattern for carbon deposited from Li 2 CO 3 -Na 2 CO 3 at 700 C (Fig. 4e ) while those from Li 2 CO 3 (Fig. 4d ) comprised of aggregated particles, bre-like and possibly rolled up sheets. These observations are in agreement with literatures, that the electrolysis variables all have an effect on the structure and properties of the deposited carbon.
Raman spectroscopy of electrodeposited carbon showed both broad G and D peaks, 10,13,14 similar to those of graphite (G and D at 1600 and 1350 cm À1 respectively) and was considered to be of sp 2 hybridisation. FTIR studies showed absorptions at 3450 and 1110 cm À1 assigned to stretching vibrations of -OH and C-C-O respectively. 14 XPS results also showed carboncarbon bonds, single and double carbon-oxygen bonds, 10 and carbonyl and hydroxyl bonds. 26 Due to the moderate specic surface areas and the presence of surface functional groups, the electro-deposited carbon has shown promising results in electrochemical energy storage devices such as lithium ion batteries 48, 49 and supercapacitors. 13 In a three electrode cell, specic capacitance reaching 400 F g À1 at a current of 0.2 A g À1 in 1 mol L À1 H 2 SO 4 was reported for carbon deposited at 4 V from Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 at 500 C. (The deposited carbon was mixed with 10 wt% acetylene black and 10 wt% Teon binder to produce a porous electrode.) 13 The current authors used the deposited carbon powders in pellet forms to construct symmetrical two electrode unit cell supercapacitor and the performance in 3 mol L À1 KCl electrolyte was evaluated by CV. The CVs shown in Fig. 5 are almost rectangular, which indicate good reversibility and capacitive behaviour of the carbon electrode. The specic capacitance of carbon deposited in Li 2 CO 3 -K 2 CO 3 and Li 2 CO 3 -Na 2 CO 3 were 100 and 71 F g À1 with corresponding specic surface area of 535 and 236 m 2 g À1 respectively. Considering that the temperature was similar for both molten salts (600 and 632 C respectively), the change in carbon morphology reects the effect of the molten salt composition which therefore explains the difference in performance. Carbon deposited in pure Li 2 CO 3 showed very low specic capacitance (2.5 F g À1 ) compared to the other molten salts which was not unexpected as the specic surface area was only about 20 m 2 g À1 (others were above 200 m 2 g À1 ). The large difference in specic capacitance between the 1 mol L À1 H 2 SO 4 electrolyte reported in literature and the 3 mol L À1 KCl used by the present authors is not unexpected. Apart from differences in carbon morphology and electrolyte strength, the size of the solvated ions in the acidic solution is smaller than that in the neutral solution which means that the ions are able to penetrate into the micro pores and as such lead to an increase in the double layer capacitance. 50 Besides the moderate specic surface area, low combustion temperatures ranging from 310-450 C have been reported for carbon deposited from Li 2 CO 3 -K 2 CO 3 at various temperatures and voltages. 15 This unusual thermal behaviour was attributed to the nano morphology of the electrolytic carbon and the catalytic effects of metal oxide impurities present in the carbon. These factors suggest that the produced carbon could be used as a solid fuel for hi-tech applications. An example could involve using the deposited carbon to make slurries that can be used in internal combustion engines. Although it is possible that deposited carbon can be converted to electricity via the combustion route, it will be more efficient to feed the carbon in a direct carbon fuel cell.
Electrochemical re-oxidation of electro-deposited carbon was only studied in a ternary Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 melt at 600 C, and the parameters varied were the initial quantity of carbon to be re-oxidised and the re-oxidation current. 7 The present authors studied the re-oxidation of electro-deposited carbon in molten Li 2 CO 3 , Li 2 CO 3 -Na 2 CO 3 , Li 2 CO 3 -K 2 CO 3 and Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 with an emphasis on the inuence of different molten salts and achievable charge efficiencies. The rst step before the re-oxidation of the carbon was actually deposition and a typical chronoamperogram is shown in Fig. 6a . The increase in current with time likely indicates the continuous increase in thickness of the porous carbon deposit. Re-oxidation of the deposited carbon was carried out at 150 mA for 7200 s and a typical potential-time plot for a molten salt studied is given in Fig. 6b . Three potential plateaux were observed. The rst plateau at À1.3 V vs. Ag/AgCl is likely the oxidation of carbon according to reactions (20) or (20a). This corresponds well to the rst carbon re-oxidation peak A1 in Fig. 1a . The second plateau at À0.7 V should be the oxidation of carbon via reaction (21) . The potential is close to that peak A2, but peak A3 may be the true cause. The variations between the plateau and CV peak potentials are expected because the amounts of carbon deposited and the experimental conditions are very different. The third plateau on the other hand matches well with the anodic limit (A4) which is the oxidation of CO 3 2À ions to CO 2 and O 2 . At this plateau there is complete oxidation of the carbon on the electrode surface (no carbon remaining). Carbon was seen on surface of the electrode when the oxidation was stopped at the rst and second plateau potentials. The average charge efficiency for the re-oxidation process at the rst plateau varied from 15 to 50% while that at the second plateau was in the range of 34 to 95%. The loss of carbon during deposition and re-oxidation of the carbon may explain at least partly those moderate values of charge efficiency obtained. Comparing different molten salts, the charge efficiency for the re-oxidation of carbon in Li 2 CO 3 -Na 2 CO 3 is higher than that in Li 2 CO 3 -K 2 CO 3 and this may be due to the different properties and structures of the produced carbon as explained previously.
Aside from simply producing solid carbon, the electrolytic process utilising CO 2 can be used to carburise mild steel 51 and to produce transition metal carbides. 52, 53 Carbon lms were deposited onto a titanium substrate and enhanced adhesion was observed. 43 
Energy consideration
Energy required for the indirect conversion of CO 2 to carbon will be that needed to carry out the electrolysis and heating up of the molten salt. 15 The molten salt mixture used for the xation process should have high chemical absorption capacity for CO 2 and the thermal stability of the ionic species in the mixture is also important. The molten salts possess both high thermal and electrochemical stabilities which will lower the cell voltage needed for the electro-reduction. This in turn lowers total energy consumption. Therefore a trade-off between the high thermal and electrochemical stability of different molten carbonate electrolytes is required in order to attain high overall process efficiency. Current efficiencies in the range of 65-100% at electrolysis voltages of 3-5 V for carbon deposition in Li 2 CO 3 -K 2 CO 3 (mole ratio: 62 : 38) at 540-700 C were reported. 15 Higher molten salt temperatures have shown to result in lower current efficiencies 7, 14, 15 and the energy consumption for carbon deposition in eutectic Li 2 CO 3 -Na 2 CO 3 -K 2 CO 3 at 450 C ranged from 35-54 kW h kg À1 at 3.5-5.0 V. 14 Because most anthropogenic CO 2 comes from the use of fossil fuel to generate electricity, it is also essential that the energy used for the molten salt electrolysis process does not originate from fossil fuels. A solar energy driven electrochemical carbon capture process involving indirect conversion of CO 2 to both CO and carbon in molten carbonates was proposed. 12, [54] [55] [56] In the electrochemical cell CO 2 was captured and converted to solid carbon or CO with 34% to over 50% solar efficiency. 12 
Concluding remarks
Electrochemical conversion of CO 2 to carbon can occur directly in molten salts under high CO 2 pressures. Indirect reduction of CO 2 on the other hand can proceed via the reduction of carbonate ions to carbon and oxide ions in molten carbonate salts. The oxide ions in turn react with the CO 2 available from the molten salt atmosphere to regenerate the CO 3 2À ions. From experiments carried out, the presence of Li + ions is also necessary to deposit carbon in molten carbonate salts as carbon deposition was not obtained in pure molten Na 2 CO 3 or K 2 CO 3 or their mixtures. Cyclic voltammetry on different working electrode materials (Pt and stainless steel) was used to understand the various electrode reactions occurring and these were in agreement with the above conclusions. Process variables such as molten salt composition, electrolysis voltage and temperature were found to inuence the properties of the electro-deposited carbon. Applications in which the carbon producing process can be used include the production of carbon electrode material for energy storage devices such as supercapacitors and batteries. Specic capacitance reaching 100 F g À1 in 3 mol L À1 KCl electrolyte was obtained when the deposited carbon was used as the electrode materials. The performance of electro-deposited carbon was quite good considering the moderate specic surface area (535 m 2 g À1 ).
Converting the deposited carbon back to electricity via anodic re-oxidation in the same molten salts achieved charge efficiency as high as 95%. With the ease of carbon storage, this high charge efficiency promises seasonal energy storage. That is to use CO 2 to collect and store summer solar energy into carbon for winter uses. 34 
